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APPARATUS AND METHOD FOR MAT PROTECTION OF

NON-THERMAL PLASMA REACTOR

TECHNICAL FIELD

This application relates to non-thermal plasma reactors. More

particularly, this application relates to an apparatus and method for protecting

a retention material or mat in a plasma-generating substrate of a non-thermal

5 plasma reactor.

BACKGROUND

The removal of nitrogen oxides (hereinafter NOx) from the

exhaust gases of internal combustion engines is required for cleaner operating

10 vehicles. Improvements in fuel efficiency are achieved by operating at

conditions with an excess of air than required for stoichiometric combustion

(i.e., lean burn or rich conditions). Such "lean burn" conditions are

commonly achieved in diesel engines and four cycle engines. However when

lean-burn conditions are employed, common pollution reduction devices (e.g.,

15 three-way catalysts) are inefficient in the reduction of nitrogen oxides.

One approach to reduce nitrogen oxide pollutants in exhaust

gases of engines operating under lean-bum conditions has been to incorporate

a non-thermal plasma reactors in the exhaust lines along in addition to the

standard three-way catalyst. Such reactors treat the exhaust gases using a non-

20 thermal plasma field. The non-thermal plasma field is a high local electric

field. The plasma converts NO to NOz , the N02 must then be subsequently

reduced by a selective catalyst. For example, a non-thermal plasma reactor is

described in U.S. patent No. 6,139,694, the contents of which are

incorporated by reference herein.

25 Non-thermal plasma reactors include a non-thermal plasma-

generating substrate ("substrate") disposed within a housing. The substrate

includes a pair of dielectric plates spaced from one another to form an exhaust



gas flow channel. Preferably, the dielectric plates are non-conductive

materials such as quartz, glass, alumina, mullite, and oxide free ceramics

(e.g., silicon nitrite, boron nitrite, aluminum nitrite). A voltage supply is

connected to a pair of electrodes on each dielectric plate for providing a

5 voltage between the dielectric plates in order to generate the plasma field in

the flow channel between the plates. The exhaust gas flows through the flow

channel, exposing the gas to the plasma field. The plasma field converts NOx

into either individual elemental diatoms 02 and N2 and/or nitrogen dioxide

NOz .

10 The flow channels in the reactor are preferably long, narrow

rectangular gas channels. However, such long, narrow substrates are prone to

crushing due the forces necessary to restrain the substrate in the housing. The

plates of the substrate are also prone to arcing of voltage from the plates to the

housing. Moreover, the substrate is subject to heating and cooling cycles,

15 which places an additional strain on the substrate. These factors and others

create obstacles with respect to retaining the substrate in the reactor.

SUMMARY
A non-thermal plasma reactor having a plasma-generating

20 substrate, a housing and a mat is provided. The plasma-generating substrate has

one or more flow paths for an exhaust gas. The housing has an inlet and an

outlet. The mat retains the plasma-generating substrate in the housing such that

the one or more flow paths are in fluid communication with the inlet and the

outlet. A voltage is supplied to the plasma-generating substrate to generate a

25 plasma field. An electrically insulating layer is disposed between the plasma-

generating substrate and the housing for preventing an arc of electricity from the

plasma-generating substrate and/or the voltage to the housing.

A non-thermal plasma reactor having a plasma-generating

substrate, a housing, a mat and a retaining device is provided. The plasma-

30 generating substrate has one or more flow paths for an exhaust gas. The

housing has an inlet and an outlet. The mat retains the plasma-generating

substrate in the housing such that the one or more flow paths are in fluid
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communication with the inlet and the outlet. A voltage is supplied to the

plasma-generating substrate to generate a plasma field. The retaining device

diffuses the exhaust gas away from the mat.

A method of forming a non-thermal plasma reactor is provided.

5 The method includes providing a plasma-generating substrate, disposing the

plasma-generating substrate in a housing, retaining the plasma-generating

substrate in the housing with a mat, and supplying a voltage to the plasma-

generating substrate for generating a plasma field. The plasma-generating

substrate has one or more flow paths for an exhaust gas. The plasma-

1 0 generating substrate is disposed in the housing such that the one or more flow

paths are in fluid communication with the inlet and the outlet. The retaining

device diffuses the exhaust gas away from the mat, distributes a low retention

force of the mat to a weak side of the plasma-generating substrate, and

distributes a high retention force of the mat to a medium strength area, a high

15 strength area of the plasma-generating substrate, and to the areas where gas

seals are required.

The above-described and other features and advantages of the

present invention will be appreciated and understood by those skilled in the art

from the following detailed description, drawings, and appended claims.

20

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a side exploded view of an exemplary embodiment

of a non-thermal plasma reactor;

Figure 2 is a front view of the non-thermal plasma reactor of

25 Figure 1;

Figure 3 is a perspective view of a substrate of a non-thermal

plasma reactor;

Figure 4 is a cross sectional view of an exemplary embodiment

of a retaining device for a non-thermal plasma reactor;

30 Figure 5 is a view along lines 5-5 of Figure 4;

Figure 6 is cross sectional view of an alternate exemplary

embodiment of the non-thermal plasma reactor using the retaining device of
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Figure 4;

Figure 7 is a cross sectional view of another exemplary

embodiment of a retaining device for a non-thermal plasma reactor;

Figure 8 is a cross sectional view along lines 8-8 of Figure 7;

5 Figure 9 is a cross sectional view of another exemplary

embodiment of a retaining device for a non-thermal plasma reactor;

Figure 10 is a cross sectional view along lines 10-10 of Figure

9;

Figure 11 is a view along lines 11-11 of Figure 9;

10 Figure 12 is a cross sectional view of another exemplary

embodiment of a retaining device for a non-thermal plasma reactor;

Figure 13 is a cross sectional view of another exemplary

embodiment of a retaining device for a non-thermal plasma reactor;

Figure 14 is a cross sectional view of an alternate embodiment

15 of the retaining device of Figure 13;

Figure 15 is a cross sectional view of another exemplary

embodiment of a retaining device for a non-thermal plasma reactor;

Figure 16 is a cross sectional view of another exemplary

embodiment of a retaining device for a non-thermal plasma reactor;

20 Figure 17 is a cross sectional view along lines 17-17 of Figure

16; and

Figure 18 is an end view along lines 18-18 of Figure 16.

DESCRIPTION OF THE PREFERRED EMBODIMENT

25

Referring now to Figures 1 and 2, a non-thermal plasma reactor

is shown generally at 10. Non-thermal plasma reactor 10 (reactor) includes a

housing 12 illustrated as a pair of shells 13. As illustrated, housing 12 is an

elongated rectangle. However, it should be recognized that housing 12 having

30 alternate configurations, such as, but not limited to elongated circles are

considered within the scope of this application. Reactor 10 includes a retention

material or mat 16 and a substrate 18. Mat 16 is adapted to retain substrate 18



in housing 12. Preferably, housing 12 is made of material capable of

withstanding the high temperature, high corrosive working environment of

reactor 10. For example, housing 12 is made of metal, such as stainless steel.

Substrate 18 and housing 12 have a rectangular cross section.

5 Preferably, substrate 12 is wrapped with mat 16 and is placed between shells

13. Shells 13 are connected to one another securing substrate 18 therein. As

illustrated in Figure 1, reactor 10 includes a voltage port 20 and a ground 24.

Voltage port 20 supplies high voltage electricity to substrate 18.

It should be recognized that housing 12, mat 16 and substrate

10 18 are described above by way of example only as having two-piece

construction and rectangular cross-sections. However, any combination of

multiple piece construction and corresponding cross sections are considered

within the scope of the present invention.

Substrate 18 includes an inked or electrically active area 21.

15 Mat 16 forms an interference-fit with housing 12 to hold substrate 18 in place

and provides adequate spacing, typically a minimum of 19mm, to isolate the

housing from electrically active area 21 of the substrate to prevent electrical

arcing. Moreover, voltage port 20, being closer to housing 12 than electrically

active area 21, is also electrically isolated.

20 Mat 16 fills the area between housing 12 and substrate 18, and

retains the substrate in the housing. Preferably, mat 16 is a compressible fiber

material and is made of a high temperature resistive ceramic fiber material,

preferably comprising alumina. Mat 16 is adapted to absorb the thermal

expansion and compression of substrate 18, which is in the range of about

25 7xl0"6 mm per degree Celsius. For example, mat 16 is 1100 HT supplied by

3M Company, which is capable of withstanding the temperature environment

within reactor 10 and is capable of retaining substrate 18 throughout the

expansion and contraction of the substrate.

Mat 16 erodes when exposed to the exhaust gas and becomes

30 contaminated with a build-up of carbon from the exhaust gas. Since carbon is

electrically conductive, carbon build-up on mat 16 creates an electrical

pathway between substrate 18 and housing 12 that interferes with proper



operation of reactor 10. Arcing due to carbon build-up is especially

problematic at voltage port 20 where spacing is diminished.

Substrate 18 is described with reference to Figure 3. Substrate

18 includes a plurality of ceramic plates 34, disposed in a spaced relation to

5 form long rectangular cells or openings 36. Preferably, openings 36 between

plates 34 are maintained by spacers 38, which serve as vertical support for

substrate 18. In use, exhaust gas is directed into openings 36 and high voltage

electricity is applied to each plate 34 to generate the non-thermal plasma

necessary to convert NOx into either individual elemental diatoms 02 and N2

10 and/or nitrogen dioxide N02 .

Long rectangular cells or openings 36 create structurally weak

zones or areas 40 in substrate 18. Areas 40 can only withstand low

compression forces and makes the substrate 18 prone to crushing in these

weak areas if larger forces are encountered. For example, where plates 34

1 5 have a thickness of about 1 .5mm a force of about 6 psi to about 17 psi in weak

area 40 may damage substrate 18.

Substrate 18 also includes medium strength areas 42 and high

strength areas 44, namely the portions of plates 34 supported by spacers 38.

The varying strength of areas 40, 42 and 44 affects how substrate 18 is

20 retained in the housing 12.

The retaining devices described below are adapted to provide

high axial compression of mat 16 at medium strength areas 42 and high

strength areas 44, but the low radial compression at low strength areas 40.

Referring now to the embodiment of Figures 4 and 5, substrate

25 18 is further retained in housing 12 by a retaining device 50 such that

openings 36 of the substrate are adjacent inlet 15 and outlet 17. Retaining

device 50 is adapted to reduce the exposure of mat 16 to exhaust gas. Thus,

retaining device 50 reduces the build-up of carbon on mat 16. Retaining

device 50 is an enhanced diffusion header 52 disposed at inlet 15 and outlet 17

30 of housing 12. More specifically, header 52 has an inside end 54 that is in

close proximity to opening 36 of substrate 18. Preferably, inside end 54 is in

a range of about 0.5mm to 1.5mm from substrate 18. More preferably, inside



end 54 is about 1mm from substrate 18. Header 52 causes the exhaust gas to

expand without energy loss and uniformly flow through substrate 18. Thus,

header 52 act as a diffuser to direct the flow of exhaust gas into opening 36

and to minimize the amount of exhaust gas that contacts mat 16. Moreover,

5 retaining device 50 more effectively distributes the compression forces from

the mat to substrate 18.

An alternate embodiment of non-thermal plasma reactor 10 is

illustrated by way of example in Figure 6 using retaining device 50. Reactor

10 further includes an insulating layer 28 disposed between housing 12 and

10 substrate 18. As discussed above, substrate 18 is held in housing 12 with

adequate spacing, to isolate the housing and the substrate to prevent electrical

arcing. Insulating layer 28 further insulates electrically active area 19 and

voltage port 20 from housing 12 such that the spacing between the housing

and the substrate is reduced to about 6mm to 9mm. Accordingly, a reduction

1 5 in size and cost of reactor 10 is achieved through the use of insulating layer

28. Preferably, layer 28 is a layer of mica or other electrically insulating

material. In one embodiment layer 28 is placed between housing 12 and

substrate 18 during assembly. In alternate embodiments layer 28 is sprayed,

printed or the like onto housing 12 and/or substrate 18 prior to assembly of

20 reactor 10.

Referring now to the embodiment of Figures 7 and 8, substrate

18 is further retained in housing 12 by a retaining device 60 such that

openings 36 of the substrate are adjacent inlet 15 and outlet 17. Retaining

device 60 is also adapted to reduce the exposure of mat 16 to exhaust gas.

25 Retaining device 60 is formed by end 14 of housing 12. More specifically,

housing 12 is dimensioned with respect to substrate 18 such that end 14 is in

close proximity to opening 36 of substrate 18. Preferably, end 14 is in a

range of about 0.5mm to 1.5mm from substrate 18. More preferably, end 14

is about 1mm from substrate 18. Thus, end 14 acts as a diffuser to direct the

30 flow of exhaust gas into opening 36 and to minimize the amount of exhaust

gas that contacts mat 16. Moreover, retaining device 60 more effectively

distributes the compression forces from the mat to substrate 18.



Referring now to the embodiment of Figures 9-11, substrate 18

is further retained in housing 12 by a retaining device 70 such that openings

36 of the substrate are adjacent inlet 15 and outlet 17. Retaining device 70 is

an overlap seal ring 72. More specifically, seal ring 72 is sealed between

5 housing 12 and ends 14. Preferably, seal ring 72 is positioned in a range of

about 0.5mm to 1.5mm from substrate 18. More preferably, seal ring 72 is

about 1mm from substrate 18. Thus, seal ring 72 acts as a diffuser to direct

the flow of exhaust gas into opening 36 and to minimize the amount of exhaust

gas that contacts mat 16. It is necessary because the mat adjacent to area 40

10 must have a low density, less than 0.3 grams/cc to avoid excessive force on

area 40. However, at this low density mat 16 is subject to erosion from the

exhaust gasses, if unprotected. Moreover, retaining device 70 more

effectively distributes the compression forces from mat 16 to substrate 18.

Referring now to the embodiment of Figure 12, substrate 18 is

15 further retained in housing 12 by a retaining device 80. Retaining device 80 is

an extension 19 of the peripheral edges of the outer ceramic plates 34 of

substrate 18. Extensions 19 are in close proximity to ends 14 of housing 12 to

diffuse the flow of exhaust gas into opening 36. Preferably, extensions 19 are

positioned in a range of about 0.5mm to 1.5mm from end 14 and extend from

20 substrate 18 by about 5mm to 10mm. More preferably, extensions 19 are

about 1mm from ends 14 and extend from substrate 18 by about 7.5mm.

Accordingly, the close proximity of extensions 19 and end 14 minimizes the

amount of exhaust gas that contacts mat 16. In order to further reduce the

exposure of exhaust gas to mat 16 at retaining device 80, the mat at the

25 interface of extensions 19 and ends 14 is coated with a sealant 82. Sealant 82

is adapted to seal mat 16 such that exhaust gases do not pass through the space

between extensions 19 and ends 14. In a preferred embodiment, sealant 82 is

mat 16 compressed to a density above 0.3 grams/cc by placing the mat

between the end plate 14 and extension 19 during assembly of reactor 10. It

30 should be noted that use of sealant 82 in the form of mat 16 compressed to a

density above 0.3 grams/cc is also available for the embodiment of Figures 7

and 8 described above.



Referring now to the embodiments illustrated in Figures 13 and

14, substrate 18 is further retained in housing 12 by a retaining device 90.

Retaining device 90 reduces the exposure of mat 16 to exhaust gas and more

effectively distributes the compression forces from the mat to substrate 18.

5 Retaining device 90 is a compression stop 92. Retaining stop 92 compresses

mat 16 to a density greater than 0.3gram/cc between the retaining stop and

end plate 14 without applying the relatively high forces generated by this

compression to area 40. Thus, mat 16 has a density less than 0.3grams/cc,

while the mat between stop 92 and end plate 14 has a density greater than 0.3

10 gram/cc for high erosion resistance. Stop 92 has an overlap portion 94 that

overlaps substrate 18 at openings 36 to distribute the axial compressive load to

areas 42 and 44 of the substrate. Preferably, stop 92 includes one or more

reinforcing ribs 96. Reinforcing ribs help to transmit radial compressive

loading on weak zones 40 of substrate 18 to areas 42 and 44 by preventing the

15 stop from bending toward the substrate, and to prevent stop 92 from bending

due to the high compressive loads from mat 16 between stop 92 and end

plate 14.

Ends 14 include an enhanced diffusion header 98 disposed at

inlet 15 and outlet 17 of housing 12. More specifically, header 98 is in close

20 proximity to overlap 94. Preferably, header 98 is in a range of about 0.5mm

to 1.5mm from overlap 94. More preferably, header 98 is about 1mm from

overlap 94. Thus, header 98 and stop 92 act as a diffuser to direct the flow

of exhaust gas into opening 36 and to minimize the amount of exhaust gas that

contacts mat 16. Mat 16 in this area is also compressed to a high density so it

25 is resistant to erosion. Thus, stops 92 avoid placing the high compressive

loads from mat 16 on weak areas 40. Moreover, the cooperation of overlap 94

and ribs 96 with substrate 18 more evenly distributes the axial and radial

compression from mat 16 to areas 42 and 44 of substrate 18. In the

embodiment of Figure 14, stops 92 are formed as separate pieces.

30 Conversely, in the embodiment of Figure 15 stops 92 are formed as a single

piece.

Referring now to the embodiment of Figure 15, substrate 18 is
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further retained in housing 12 by a retaining device 100. Retaining device 100

includes an enhanced diffusion header 102 disposed at inlet 15 and outlet 17 of

housing 12 and a retaining ring 104 disposed between the housing and ends

14. More specifically, header 102 has an inside end 106 that is in close

proximity to opening 36 of substrate 18. Preferably, inside end 106 is in a

range of about 0.5mm to 1.5mm from opening 36. More preferably, inside

end 106 is about 1mm from opening 36. Header 102 causes the exhaust gas to

expand without energy loss and uniformly flow through substrate 18.

Retaining ring 104 compresses mat 16 to a high density between the retaining

ring and end plate 14 without applying the forces from this compression to

weak area 40. Accordingly, mat 16 adjacent to inside end 106 is highly

resistant to erosion. For purposes of clarity retaining ring 104 is shown only

at inlet opening 15 . However, it is considered within the scope of the present

invention for retaining ring 104 to be used at outlet opening 17, and/or at both

inlet opening 15 and outlet opening 17. Thus, retaining ring 104 further

minimizes the amount of exhaust gas that contacts mat 16. More specifically,

retaining ring 104 is in close proximity to substrate 18. Preferably, retaining

ring 104 is in a range of about 0.5mm to 1.5mm from substrate 18. More

preferably, retaining ring is about 1mm from substrate 18. Thus, header 102

and retaining ring 104 act to diffuser the flow of exhaust gas into opening 36

and to minimize the amount of exhaust gas that contacts mat 16.

It should be noted that insulating layer 28 and sealant 82 are

described above by way of example as being used with retaining devices 50

and 80, respectively. However, it is considered within the scope of the

present invention for such insulating layers and sealants to be used with any of

the retaining devices described herein.

Referring now to the embodiment of Figures 16-18, substrate

18 is further retained in housing 12 by a retaining device 106. Retaining

device 106 is a rigid insulation board disposed areas 40 of substrate 18.

Thus, retaining device 106 minimizes forces on areas 40, and provides a

"stop" for mat 16 used at each end of substrate 18. Thus, retaining device

106, compresses mat 16 to a density above 0.3 grams/cc by placing the mat
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between the end plate 14 and the retaining device during assembly of reactor

10. Accordingly, retaining device 106 provides sealant 82 to further protect

mat 16.

While preferred embodiments have been shown and described,

various modifications and substitutions may be made thereto without departing

from the spirit and scope of the invention. Accordingly, it is to be understood

that the present invention has been described by way of illustration only, and

such illustrations and embodiments as have been disclosed herein are not to be

construed as limiting to the claims.


